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INTRODUCTION
Laser processing is one of the most used approaches to fabricate micro and nanostructures. 1 By irradiating with a high power laser beam it is possible to write directly lines or cavities on the surface of the target material. 2 Nevertheless, writing more than one of these features at a time requires the use of a mask. 3 Laser Interference Lithography (LIL) allows overcoming this limitation and writing a whole array of structures at once. It is based on the selective modification of material by irradiation of the sample surface with two or more coherent beams. 4 When two beams interfere, a periodic intensity pattern is generated yielding micro or nanogratings, whose period depends on the angle formed between the beams. If three beams interfere (3-beam LIL) the pattern produced is hexagonal, thus forming cavities. 5 Polymeric materials have become strong candidates in the last years for micro and submicrostructuring, since potential applications might benefit from their excellent properties, i.e. mechanical flexibility, light weight, enhanced durability and low cost. Polymer nanostructures are being currently implemented in a wide variety of applications, such as biosensors, 6 solar cells, 7 and non-volatile memories. 8, 9 In particular, Poly (trimethylene terephthalate) (PTT) is a semicrystalline aromatic polyester whose outstanding mechanical and optical properties, together with its low glass transition temperature T g ≈ 44⁰C, 10 make it 3 an attractive material for the fiber industry 11 as well as for optoelectronic 12 and nanophotonic 13, 14 applications. PTT has already shown interesting features when structured by several different methods such as Laser Induced Periodic Surface Structuration (LIPSS), 15 NanoImprint Lithography (NIL) 16 and near-field patterning. 17 Laser interference patterning of bulk polymers has led to applications such as substrates for increasing the efficiency of solar cells 18 and diffraction gratings. 19 However, only a couple of studies on a certain polymer blend can be found laser interference patterning applied to polymer thin films, 20, 21 and the ablation mechanism involved in the structuring process is still under discussion. 22 Moreover, the structures fabricated up to now using this lithographic technique are mainly micrometric, 23, 24 and sub-microstructuration has been scarcely reported in this field for polymers. In this work we report the application of 2 and 3-beam Single Pulse Laser Interference Lithography to micro-and sub-microstructure thin polymer films of PTT, emphasizing on the formation mechanism and the assessment of the resulting structures in real and reciprocal space.
EXPERIMENTAL SECTION
PTT was synthesized by polycondensation as previously described, 25 After irradiation, the structures were characterized using scanning electron microcopy (SEM, CrossBeam 1540XB, Zeiss) and atomic force microscopy (AFM, Nanoscope V, Bruker) in tapping mode. AFM images were analyzed using the software Nanoscope Analysis 1.40.
Grazing incidence small angle X-ray scattering (GISAXS) experiments were carried out in order to assess the structural order of the as-fabricated structures. They were conducted using the facilities of the BW4 beamline at the Deutsches Elektronen Synchrotron (DESY), 6 Hamburg, Germany. 26 A scheme of the experimental setup for GISAXS is shown in Figure 2 .
The information can be interpreted in terms of two orthogonal scattering vectors q z = (2π/λ)(sin α i + sin α f ) and q y = (2π/λ) sin ω cosα f , which provide information about structural correlations perpendicular and parallel to the film plane, respectively. 27, 28 Lateral correlation between scattering objects on the film surface can induce some scattered intensity appearing out of the meridian (line m_m' in 
RESULTS AND DISCUSSION
In the first set of experiments, 2-beam Single Pulse Laser Interference was applied to PTT thin films to obtain micro and nanostructures with different periods, by changing the angles of incidence of the laser beam on its surface. For small incident angles (θ = 5-8 0 ), the structures generated are microgratings, over an extensive area (see Fig. 3a ), expanding about half of the beam size (2.5 mm), with a period close to one micron (see Fig. 3b ). The laser interference fringes have been transferred into the polymer surface as topographic contrast, yielding well defined structures (see Fig. 4e and cut below).The period and height of the structures as determined by AFM are Λ θ1 = (1.61 ± 0.02) μm and H θ1 = (195 ± 13) nm, respectively.
8 Due to the Gaussian shape of the laser beam, the intensity dependence of the structuring process can be studied by examining the pattern evolution when moving from outside the irradiated region towards the center of the laser spot. Figure 4 shows atomic force microscopy images taken at different areas of the sample. The morphology obtained outside the irradiated region (Fig. 4a) corresponds to the expected one for a spin-coated PTT thin 9 film, extremely flat. Inside the irradiated zone, but close to its edge (3.2 mm from the beam center), slight signs of irradiation can be observed, indicating that the process is initiated by linear absorption (Fig. 4b ). This leads to gentle ablation without thermal effects near the threshold. The rugosity of the film increases and the laser interference fringes start to give rise to topographic contrast (see Fig. 4b, below ). If one keeps on approaching the beam center, ablation holes appear along the mentioned fringes (Fig. 4c, 2 .8 mm from the beam center), providing evidence of a non-linear response of the material, where above a certain threshold very efficient material removal takes place. This threshold is in our opinion the boiling threshold, which implies that below this threshold (in the regime in which only shallow ablation is observed) the film is melted. These observations are consistent with the long penetration depth of the light (385 nm) compared to the film thickness, leading to a homogeneous temperature increase throughout the film. Even closer to the beam center, these ablation holes merge, (Fig. 4d, 2 .4 mm from the beam center ) generating bigger holes that start to resemble the final result obtained at the region of optimum fluence close to the spot center ( Fig. 4e, 2 mm from the beam center). The effects of the ablation pressure in the structuring process are revealed in the elevated rims that surround the trenches (cut below Fig. 4e ), that prove the occurrence of lateral material flow. The final result is therefore similar to the inverted profile of that of the theoretical interference profile for the geometry of the experiment, which is a sine wave (Fig. 4f ). Increasing the angle of incidence, the period of the structures can be remarkably reduced, making possible the fabrication of sub-micrometric gratings (see Fig. 5 and cuts below). The 11 period and height of the structures as determined by AFM are Λ θ2 = (312 ± 10) nm and H θ2 = (59 ± 22) nm, respectively. The presence of the second order in the Fast Fourier Transform (FFT) of the image (inset in Fig. 5a ) implies that the mark-space ratio is different from 1: 1, 29 illustrating that the width of the trenches is different from that of the protrusions. In the next set of experiments, 3-beam Single Pulse Laser Interference was applied to PTT thin films. In this case, the incident beam directions were α = 119 0 , β = 126.5 0 , γ = 114.5 0 .
The results are shown in Fig. 6 . Sub-micrometric cavities have been generated in the polymer 12 surface, distributed in a hexagonal lattice (Fig. 6a ), which is slightly distorted due to the fact that α ≠ β ≠ γ. Indeed the black and blue lines define a 65 0 angle, instead of the 60 0 expected for a perfect hexagonal lattice. As it can be seen in the AFM image and height profile shown in Fig. 6a , the structures show a well-defined periodicity, being the period along the red line Λ red = (456 ± 3) nm, and its height H red = (64 ± 27) nm. Along the black line, however, the periodicity is larger Λ black = 497 ± 4 nm. These two periodicities correspond to the parameters of the unit cell of the distorted hexagonal lattice. The shape asymmetry of the cavities (Fig.   6b ) is most likely caused by slight intensity differences in the local fluence. Below, height profiles along the red lines depicted, and Fast Fourier Trasform of the image.
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GISAXS experiments were performed on the structures prepared by 3-beam interference lithography, in order to assess the average structural order of the samples. The sample was arranged in such a way that the X-ray beam was aligned parallel to the red line depicted in The Gaussian shape of the laser beam is again reflected in the morphology of the structures formed. Figure 8 shows atomic force microscopy images taken at different areas of the sample. The morphology obtained outside the irradiated region ( Fig. 8a) corresponds to the expected one for a spin-coated PTT thin film, extremely flat. Inside the irradiated zone, but somehow far from the beam center (Fig. 8b, 2.8 mm) , gentle ablation is present and cavities are formed, but they are shallow, with heights no larger than 10-15 nm. However, closer to the beam center ( Fig. 8c, 2 mm from it), the cavities are deeper, reaching height of 80-100 nm. The final result is therefore similar to the inverted profile of that of the theoretical interference profile for the geometry of the experiment (Fig. 8d ). 
